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Cse4 is the budding yeast homologue of CENP-A, 
a modified histone H3 that specifies the base of 
kinetochores in all eukaryotes. Budding yeast 
is unique in having only one kinetochore microtubule 
attachment site per centromere. The centromere is speci- 
fied by CEN DNA, a sequence-specific binding complex 
(CBF3), and a Cse4-containing nucleosome. Here we 
compare the ratio of kinetochore proximal Cse4-GFP 
fluorescence at anaphase to several standards including 
purified EGFP molecules in vitro to generate a calibra- 
tion curve for the copy number of GFP-fusion proteins. 



Our results yield a mean of '^5 Cse4s, ^^3 inner kineto- 
chore CBF3 complexes, and ^20 outer kinetochore 
Ndc80 complexes. Our calibrated measurements in- 
crease 2.5-3-fold protein copy numbers at eukaryotic 
kinetochores based on previous ratio measurements 
assuming two Cse4s per budding yeast kinetochore. All 
approximately five Cse4s may be associated with the 
CEN nucleosome, but we show that a mean of th ree 
Cse4s could be located within flanking nucleosomes at 
random sites that differ between chromosomes. 



Introduction 

Protein copy number is critical in understanding ttie architecture 
and function of the proteins that link centromeric DNA to the plus 
ends of kinetochore microtubules (kMTs) to achieve the four 
essential functions of kinetochores: robust attachment to kMT 
plus ends, force generation, attachment error correction, and 
control of the spindle assembly checkpoint (Santaguida and 
Musacchio, 2009; Joglekar et al., 2010; Maresca and Salmon, 
2010; Gregan et al., 2011). We have previously measured ki- 
netochore protein copy numbers in budding yeast, fission yeast, 
and chicken DT40 tissue culture cells using a fluorescence ratio 
method and GFP fusion proteins expressed from their endog- 
enous promoters (Joglekar et al., 2006, 2008; Johnston et al., 2010). 
The reference standard for our ratio method was the fluores- 
cence of Cse4-GFP from a cluster of 16 metaphase or anaphase 
kinetochores in budding yeast that each attach to a single MT 
plus end (Winey et al., 1995). Cse4-GFP was initially chosen 
as our standard because the fluorescence from a cluster of 16 
kinetochores forms a near-diffraction limited spot at best focus 
and because molecular and biochemical evidence indicated that 
there was a single nucleosome containing Cse4 at the CEN DNA 
(Bloom and Carbon, 1982; Meluh et al., 1998; Furuyama and 
Biggins, 2007). However, there have been reports using other 
biochemical methods for more than a single Cse4 nucleosome 
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or CBF3 complex proximal to the budding yeast centromere 
(Espelin et al., 2003; Riedel et al., 2006). 

In this paper we use three different fluorescent standards, 
including individual EGFP molecules in vitro, to measure the 
mean number Cse4-GFPs, as well as representative proteins 
for inner and outer kinetochore protein complexes within 
the budding yeast kinetochore. Surprisingly, we measured a 
mean of approximately five Cse4-GFPs rather than two as 
expected. We used computer simulations to show how previ- 
ous biochemical assays (Furuyama and Biggins, 2007) would 
be unable to detect an additional approximately three Cse4 
proteins on average per kinetochore if they are located at random 
nucleosome sites flanking the CEN that differ in position be- 
tween different chromosomes. 

Results and discussion 

Comparison of fluorescence intensity in 
recorded images 

Our primary standards were the fluorescence from individual 
EGFP molecules and the rotavims-like particle, GFP-VLP2/6, 
which contains 120 EGFPs as determined by electron tomography 
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Figure 1 . Fluorescence intensity of Cse4-GFP within a cluster of kinetochores at anaphase compared with the standards and potential standards, and 
Ndc80-GFP used in our experiments. (A) Innages are sorted by increasing brightness. Bar, 3 pm. (B-/V\) hAean values ± SD obtained from Gaussian curve fits 
to fiistograms of measured values of integrated fluorescent intensity minus BG after correction for false positives from BG noise for tfie EGFP measurements 
(Fig. SI) or for tfie otfier cellular samples, fluorescence loss from photobleacfiing, and deptfi beneatfi the coverslip (/V\aterials and methods and Fig. SI). 
/V\easured values for EGFP were acquired by 1 ,500-ms exposures, means were determined, and scaled by 600/1 ,500 to be compatible with the 600-ms 
exposure times for the other specimens, n is the number of fluorescent kinetochore clusters or spots measured. BG is sample BG obtained from the integrated 
BG measurement minus camera offset scaled to the 5x5 pixel region of the specimen measurement. 
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and an extinction coefficient predicted for 120 EGFPs per vims 
capsid (Cliarpilienne et al., 2001; Dundr et al., 2002). Our sec- 
ondary standards were GFP-MotB protein within the rotary 
motor of the bacteria Escherichia coli that is reported to contain 
22 ± 6 GFP-MotB s counted by a photobleaching assay (Leake 
et al., 2006), and a 4-kb LacO array within the flanking chroma- 
tin of chromosome III in budding yeast that contains 102 poten- 
tial binding sites for LacI-GFP dimers, or potentially 204 GFPs 
(Belmont and Straight, 1998). The images in Fig. 1 A indicate 
that fluorescence from Cse4-GFPs within an anaphase cluster of 
16 kinetochores appears to be much brighter compared with 
the GFP-MotB s within the bacterial rotary motor of E. coli, but 
less intense than the fluorescence within the protein capsid of 
GFP-VLP2/6 and within the LacI-GFP spots. 

Protein copy numbers based on two 
primary GFP fluorescent standards 

We quantified integrated fluorescence intensity minus back- 
ground (BG) for the specimens in Fig. 1 and several inner 
kinetochore proteins (NdclO, Mif2, and Cep3; for images see 
Joglekar et al., 2006). The measurements were corrected for 
fluorescence loss from photobleaching and depth beneath the 
coverslip for cellular specimens (Materials and methods; Fig. SI 
and Fig. 2). Mean values were obtained from histograms of cor- 
rected data by obtaining the monomer mean value from Gaussian 
curve fitting (Fig. 1, B-M; Materials and methods). 

For our two primary standards, the mean slope of inte- 
grated fluorescence per GFP was obtained from their mean 
values in Fig. 1 (B-D) and their mean number of GFPs per par- 
ticle or complex. This yielded slopes of 13 ± 3.7 for EGFP and 
10.7 ± 1 for GFP-VLP2/6 and a mean of 1 1.85 ± 1.9 (Fig. 2 A). 
It is likely that the 13 ± 3.7 counts per individual EGFP mol- 
ecule in vitro is higher than what occurs in the viral capsids 
or in vivo because of fluorescence quenching by neighboring 
proteins or nearby GFPs (e.g., the dimer peak in Fig. 1 B is 
22, not 26 as expected for two adjacent EGFPs). A mean of 
11.85 ± 1.9 counts/GFP used for our calibrated measurements 
appears to be a reasonable representation of the in vivo situa- 
tion. Dividing the measurement for Mot-B-GFP within a single 
bacterial rotary motor (259 ± 89) by this standard yields 21.9 ± 
8.3, very close to the value of 22 ± 6 GFP-MotBs counted by a 
photobleaching assay (Fig. 2 B, i; Leake et al., 2006). Similarly, 
the measured value of LacI-GFPs at the 4-kb LacO spot was 
177 ± 44 with azide-deoxyglucose treatment, '^10% less than 
the 204 potential sites (Fig. 2 B, i). The LacI-GFP fluorescence 
was stable at the LacO spots based on little FRAP (Fig. 2 B, 
ii; Materials and methods). This result indicates that the 4-kb 
LacO-LacI-GFP spot provides a useful fluorescence reference 
standard for counting the number of GFPs at other sites. 

The mean values of Cse4-GFP per 16 kinetochore clusters 
from four yeast strains (Fig. 2 C) were 56 ± 1 1 for Cse4-GFP A, 
97 ± 19 for Cse4-GFP B, 79 ± 14 for Cse4-GFP Cir+, and 84 ± 15 
for Cse4-GFP Cir" based on their mean values for integrated 
fluorescence intensity minus BG divided by the standard value 
of 11.85 ± 1.92 counts/GFP (Fig. 2 A). The corresponding val- 
ues per kinetochore were 3.5 ± 0.7, 6.0 ± 1.2, 4.9 ± 0.9, and 
5.2 ± 0.9 Cse4-GFPs (Fig. 2 D). Plasmids do not contribute 
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Figure 2. Protein copy numbers based on two GFP fluorescent stan- 
dards. (A) Calculation of the mean slope (S) for the number of integrated 
fluorescence counts minus BG per GFP from the mean values measured 
for individual EGFP molecules and the 120 EGFPs within rotovirus-like 
capsid GFP-VLP2/6. (B, i; and C) Mean numbers for GFP-MotB within 
the bacterial rotor of £. coli, LacI-GFP bound to the 4-kb LacO DNA 
array inserted into chromosome III in ATP-depleted cells and for GFP fu- 
sion proteins within clusters of 16 budding yeast kinetochores at ana- 
phase. Mean numbers were calculated from the corresponding peak 
values in Fig. 1 (B-M) divided by the slope S. (B, ii) The lack of a FRAP a 
4-kb LacO-Lacl-GFP spot in an azide-deoxyglucose-treated cell. (D) Pro- 
tein copy numbers per kMT obtained from the data in C divided by 16. 
Error bars indicate SD. 
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Table I. Newly measured values and previously reported ratio mea- 
surement values of kinetochore protein copy numbers in S. cerevisiae 
during anaphase based on our measurements for ScCse4-GFP B 



Protein name 


Reported anaphase 
ratio 


Average number 
per kinetochore 


Cse4p-A° 


NA 


3.5 ± 0.7 


05649-6° 


NA 


6.0 ± 1.2 


Cse4p Cir* ° 


NA 


4.9 ± 0.9 


Cse4p Cir° ° 


NA 


5.2 ± 0.9 


Mif2p°''' 


0.6 ± 0.1 


3.6 ± 0.8 


Ctf3p 


0.5 ± 0.01 


3.0 ± 0.6 


NdclOp" 


1.2 ± 0.2 


7.4 ± 1.6 


Cep3p° 


0.6 + 0.1 


3.4 ± 0.8 


CtflPp'- 


3.4 ± 0.2 


6.4 ± 1.3 


Chl4p 


0.3 ± 0.01 


1.6 ± 0.3 


Nkp2p'> 


6.1 ± 0.1 


3.6 ± 0.7 


Mtwl p 


2.4 ± 0.1 


14.5 ± 2.9 


Spcl 05p 


2.4 ± 0.01 


14.5 ± 2.8 


Nuf2p 


3.6 ± 0.2 


21. 7 ±4.4 


NdcSOp- 


3.2 ± 0.5 


19.1 ± 3.9 


Askl p 


5.3 ± 0.3 


32.0 ± 6.5 


ScmSp" 


0.23 ± 0.05 


1.3 ± 0.3 


ScrnSp",' 


NA 


BG 



For the kinetochore proteins not measured in this study, we assumed the same 
ratio of fluorescence relative to Cse4-GFP fluorescence in the yeast Cse4-GFP B 
used as the standard in previous studies Poglekar et al., 2006, 2008; Johnston 
et al., 2010). Average protein copy numbers per kinetochore for S. cerevisiae 
were obtained by multiplying the average number of ScCse4-GFP B per kine- 
tochore, 6.0 ± 1 .2, by the fluorescence ratio of ScCse4-GFP B to each GFP-fusion 
protein (Joglekor et al., 2006). Ratios and overage number per kinetochore 
values indicated by the footnotes were calculated using our own measurements. 
Ratios reported in Joglekor et ol. (2006) as ratios to ScNuf2 signal were con- 
verted to ScCse4 B ratios before the multiplication of the average number of 
ScCse4-GFP B per kinetochore, 6.0 ± 1 .2. 

°Our measured value. 

^Reported ratio is calculated as (Nuf2 signal):(protein signal) as it is presented 
in Joglekor etol. (2006). 

"^Azide deoxyglucose treatment used. 



significantly to the amount of Cse4-GFP at the yeast centro- 
mere, as suggested previously (Hajra et al., 2006), because the 
mean values were nearly the same (4.9, 5.2) for the same strain 
with and without 2 |jm plasmids. 

The mean of the four yeast strains was 4.9 or '^5 Cse4s 
per kinetochore, which is ^2.5 times larger than predicted by 
the previous assumption of two Cse4s at the kinetochore. If the 
mean value of Cse4 per kinetochore was two, then the measured 
value for our fluorescent standard would need to be 3 1 to pro- 
duce an integrated fluorescence of 993, the mean for the Cse4 
measurements for a cluster of 16 kinetochores. This value is far 
above the mean value of 13 ± 3.7 that we measured for EGFP 
monomer or the mean of 1 5 ± 6 for the mixtures of EGFP mono- 
mers and dimers (Fig. 1 B). The Cse4-GFP fusion in the Cse4- 
GFP B strain has a measurable but inconsequential effect on the 
fidelity of chromosome segregation (Fig. S 1 F), which indicates 
that our number measurements are representative of a func- 
tional endogenous Cse4. 

At CEN DNA, Cse4 is mainly thought to replace his- 
tone H3 in a canonical nucleosome (2@Cse4:H4:H2A:H2B; 
Cho and Harrison, 2011; Dechassa et al., 2011; Kingston 
et al., 2011), but other complexes are proposed (for review 



Table II. Ratio measurement values of kinetochore protein copy 
numbers in S. pombe during G2/M based on our measurements for 
ScCse4-GFP B 



Protein name 


Average number 
per kinetochore 


Average number 
per kMT 


cnpl 


15.1 ± 3.4 


5.0 ± 1.1 


mif2 


11.1 ±3.1 


3.7 ± 1 .0 


mal2 


32.3 ± 6.3 


10.8 ± 2.1 


sim4 


36.2 ± 8.5 


12.1 ± 2.8 


ftal 


11.1 


3.7 


fta2 


29 


9.7 


fta3 


36.8 ± 7.2 


12.3 ± 2.4 


misl 2 


46.7 ± 9.9 


15.6 ± 3.3 


5pc7 


34.8 ± 7.0 


1 1.6 ± 2.3 


ndcSO 


66.1 ± 14.0 


22.0 ± 4.7 


dadl 


10 


3.3 



S. pombe copy numbers per kinetochore were obtained by multiplying the fluor- 
escence ratio of ScCse4-GFP B to each S. pombe GFP fusion protein (Joglekor 
et al., 2008) by the number of ScCse4-GFP B molecules in an anaphase cluster, 
97 ± 19, and dividing by 6, the number of chromosomes in S. pombe. The 
overage copy number per kinetochore was divided by the mean number of 
microtubule attachments per kinetochore to obtain the overage protein copy 
numbers per kMT in 5. pombe (3; Joglekor et ol., 2008). 

see Verdaasdonk and Bloom, 201 1). Scm3 is a chaperone re- 
quired for Cse4 incorporation at the CEN in Saccharomyces 
cerevisiae (Stoler et al., 2007; Camahort et al., 2007; Mizuguchi 
et al., 2007) and Schizosaccharomyces pombe (Pidoux et al., 
2009; Wilhams et al., 2009). For Cse4-GFP B, we found Smc3 
to be <20% of Cse4 in normal anaphase cells and undetect- 
able above BG in azide-deoxyglucose treated cells (Table I). 
In contrast, Cse4 was stable in azide-deoxyglucose-treated 
cells (Table I). 

Calibrated values for kinetochore protein 
copy numbers in budding yeast, fission 
yeast, and chicken tissue cells 

In previous studies (Joglekar et al., 2006, 2009; Johnston et al., 
2010), we measured kinetochore protein numbers with the fluor- 
escence ratio method based on the assumption of two Cse4-GFP 
per kinetochore in the Cse4-GFP B yeast strain. Using our new 
fluorescent standards, we measured inner and outer kinetochore 
proteins in the Cse4-GFP-B yeast strain (Fig. 1, F and G). The 
values for the CBF3 complex members, NdclO and Cep3, and 
the CENP-C homologue, Mif2, were 119, 55, and 58 per cluster 
and 7.4, 3.4, and 3.6 per kinetochore (Fig. 2, C and D). The 
value for the outer kinetochore protein Ndc80-GFP yielded a 
mean value of 306 or 19 per kinetochore (Fig. 2, C and D). 
These measurements are higher than previous measurements by 
approximately three, the ratio of our calibrated measurement of 
six Cse4-GFP per kinetochore in Cse4-GFP B strain divided by 
the previous value of two. 

The measured ratios in the current study were nearly iden- 
tical to the original ratios (Joglekar et al., 2006, 2009), which 
indicates that the ratio measurements in these and the Johnston 
et al. (2010) study in DT40 tissue cells were accurate. Tables I-III 
provides new values for protein copy numbers based on our 
calibrated measurements of 6 Cse4-GFPs and 19 NdcBO-GFPs 
per anaphase kinetochore. 
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Table III. Ratio measurement values ol kinetochore protein copy 
numbers in the DT40 cell line during metaphase based on our mea- 
surements for ScNdc80-GFP 



Protein name 


Average number 
per kinetochore 


Average number 
per kMT 


CENP-C 


108 + 35 


25.0 ± 8.2 


CENP-T 


77 ± 20 


17.9 ± 4.6 


CENP-I 


68 ± 17 


15.9 ± 3.9 


CENP-H CMV 


79 ± 20 


18.5 ± 4.7 


CENP-H (Kl) 


73 + 19 


17.0 ±4.5 


Misl2 


106 ± 32 


24.6 ± 7.6 


KnI/Blinkin 


86 ±23 


19.9 ± 5.4 


Nuf2 


102 ± 30 


23.7 ±6.9 


Heel (NdcSO) 


90 ± 24 


21.0 ± 5.5 



Average protein copy numbers per kinetochore for DT40 cells were obtained by 
multiplying the average number of ScNdc80-GFP in an anaphase cluster, 
306 ± 62, by the fluorescence ratio of ScNdcBO-GFP to each GFP fusion protein 
measured previously for DT40 cells in Johnston et al. (201 0). The average copy 
number per kinetochore was divided by the average number of microtubule 
attachments per kinetochore to obtain the average protein copy numbers per 
kMT in DT40 cells (4.3; Ribeiro et al., 2009). 

The protein copy numbers for the highly conserved KMN 
network of proteins (KNLl/Bhnkin, Misl2 complex, and Ndc80 
complex [Ndc80 {hsHecl}, Nuf2, Spc24, and Spc25]) are 
nearly identical per kMT for the three species we measured in 
Tables I-III (Joglekar et al., 2008; Johnston et al., 2010) and 
Drosophila kinetochores when corrected using our calibrated 
measurement for ScCse4 (Schittenhelm et al., 2010). The 
absolute measurements for the Ndc80 complex, 19 per kMT 
(Fig. 1 C), are closer to the biochemical estimate of 32 Ndc80s 
per kMT for chromosomes in meiosis II Xenopus laevis egg 
extracts (Emanuele et al., 2005). A number of 19 rather than 
the original value of ^8 for Ndc80, is also mechanistically 
important for how the Ndc80 complex anchors kinetochores 
to the plus ends of kMTs and contributes to force genera- 
tion coupled to depolymerization at anchored plus MT ends 
(Cheeseman et al., 2006; Ciferri et al., 2008; Powers et al., 
2009; Alushin et al., 2010). 

Where are t:he approximately five Cse4 an 
average locat:ed relative to the CEN DNA? 

Previous biochemical studies indicate that there is a single 
centromeric nucleosome complex containing Cse4 at the CEN 
DNA position and no Cse4 within the flanking nucleosomes 
(Furuyama and Biggins, 2007). Cse4-GFP and the other ki- 
netochore proteins are extremely stable at metaphase kineto- 
chores (Pearson et al., 2001, 2004; Joglekar et al., 2006). 
Thus, it is likely that all the approximately five Cse4-GFPs per 
kinetochore are incorporated into centromere proximal chro- 
matin. Because there are at most two Cse4s within a single 
nucleosome at the CEN (Furuyama and Henikoff, 2009), we 
consider two alternative possibilities for where the additional 
Cse4s are located. 

The simplest model is that the additional Cse4-GFPs are 
interspersed within chromatin flanking the CEN and become 
adjacent to each other proximal to the microtubule plus end 
(Fig. 3). There is evidence that Cse4 nucleosomes can replace 
H3 nucleosomes at non-CEN DNA (Dechassa et al., 2011; 




e o 1 • 

H3 Cse4 Cbf3 Mif2(CENP-C) 

Nucleosome Nucleosome 
or 

CEN Hemisomes 

Figure 3. Model for hovi/ Cse4 is located at the base of a budding yeast 
kinetochore. For this exannple, there are a mean of six Cse4s within nucleo- 
somes (two Cse4 each). At the CEN locus, there is a single Cse4 nucleo- 
some (or a pair of hemisomes). The position of this nucleosome is invariant. 
Additional Cse4-containing nucleosomes are randomly positioned within 
the flanking pericentric chromatin. The three Cse4 nucleosomes (mean 
number) may be located at the base of the kinetochore. The relationship 
between the position variable Cse4 molecules and the Cbf3 complex is not 
known. See text and Fig. 4 for details. 

Gkikopoulos et al., 2011) and that the SWI/SNF protein com- 
plex normally functions to deplete Cse4 nucleosomes from 
non-CEN sites (Gkikopoulos et al., 201 1). If the positions of the 
flanking Cse4 nucleosomes relative to the CEN are random and 
differ between different chromosomes, then Cse4 would not be 
detected in prior biochemical assays. This model predicts two 
distinct biochemical populations of Cse4-containing nucleosomes 
within chromatin: CEN and non-CEN sites. Alternatively, the 
additional Cse4s assemble into an unknown oligomeric struc- 
ture in association with the Cse4 nucleosome (or hemisomes) 
at the CEN. 

We have tested the model that canonical Cse4 nucleo- 
somes might be interspersed by computer simulation of the bio- 
chemical assay (Fig. 4 and Fig. S3). We assumed two copies of 
Cse4 at the CEN nucleosome (hemisome) complex and a mean 
of 3.2 copies within Cse4 nucleosomes that replace normal H3- 
nucleosomes within chromatin flanking the CEN at nucleosome 
positions that vary randomly with different chromosomes, as 
shown for example in Fig. 4 A for 10 chromosomes. 

In the model (Fig. 4 A and Fig. S3), micrococcal nuclease 
(MNase) is used to digest DNA into fragments with a mean 
length of approximately three to four nucleosomes. DNA frag- 
ments containing at least one Cse4 nucleosome are isolated and 
hybridized to probes specific for CEN3 or flanking nucleosomal 
DNA at positions ... -4, -3, -2, -1, +1, -i-2, +3, -i-4 . . . on 
either side of the CEN nucleosome (only the minus flanking 
nucleosome positions are shown in Fig. 4 for clarity). Using 
this protocol, Furuyama and Biggins (2007) found monomeric 
Cse4 nucleosomes at the CEN position; no DNA correspond- 
ing to monomeric Cse4 nucleosomes at flanking nucleosome 
positions was detected. They estimated that monomeric Cse4 
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Probability Cut at CEN = 5/6 while Probability of Cut away from CEN = 1/3 
Cse4(C4) at CEN and randomly at 0.8/15 flanking nucleosomes 
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Figure 4. Simulation of the Furuyomo and Biggins (2007) experiment with the simplifying assumptions that there ore two Cse4 at the CEN nucleosome 
and a mean of 1 .6 Cse4 nucleosomes randomly replacing H3 nucleosomes at positions that flank the CEN at ^ 1 60-bp DNA intervals (± 1 , ±2, ±3 . . .) ■ The 

positions of the flanking Cse4 nucleosomes ore random and differ for different chromosomes. (A) Diagram of simulation for flanking positions up to a maxi- 
mum number (Nf) of ± 1 5, a probability of cutting DNA links by RNase between adjacent flanking nucleosomes of 0.33 per link, and a 2.5-fold enhanced 
probability (EP) of cutting the links on either side of the CEN. (B) Results of computer simulation of the mean of over 1 0,000 chromosomes for parameters 
in A for the percent of Cse4-containing monomers, dimer, trimers and tetramers relative to the Cse4-containing CEN monomer (set at 100%). (C) Percent 
Cse4 monomer at the ±1 position as a function of Nf for values of EP from 1 to 3. (D) Nf and EP values required for the percent Cse4 monomer at position 
±1 to be less than the limit of detection (2.7%) in the biochemical assays of Furuyama and Biggins (2007). See Fig. S3 for simulation details. 



nucleosomes flanking the CEN were <^3% the concentration 
measured at the CEN (limit of detection). 

In addition to the randomness of Cse4 nucleosome posi- 
tion within flanking DNA, there are two important parameters: 



One is an enhanced preference for MNase used to cleave the 
linker DNA in between the CEN Cse4 nucleosome and adjacent 
nucleosomes compared to the frequency for cutting linker DNA 
between flanking H3 nucleosomes (^2. 5-fold; Bloom and 
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Carbon, 1982). This 2.5-fold preferential cleavage enhances 
the concentration of monomeric nucleosome fragments at the 
CEN relative to monomer concentration at positions within the 
flanking DNA. The second parameter is the maximum flanking 
nucleosome position (±15 kb in Fig. 4 A) away from the CEN, 
where H3 nucleosomes can be replaced by Cse4 nucleosomes. 

Fig. 4 A diagrams the simulation result for cutting sites. 
Fig. 4 B shows the percentage, relative to the CEN Cse4 mono- 
mer, of mono-, di-, tri-, and tetrameric DNA fragments that 
contain at least one Cse4 nucleosome for 10,000 chromosomes 
in the computer simulation (Fig. S3). Note that the amount of 
monomeric Cse4 nucleosome is highest within the flanking nu- 
cleosomes at the ±1 position. This is because of the enhanced 
probability of cutting the linker to the CEN Cse4 nucleosome. 
At the ±1 position, the concentration of Cse4 monomer is 2.4% 
relative to the concentration at the CEN position. This percent- 
age is below the ^3% limit of detectability in the experiments 
of Furuyama and Biggins (2007). 

Our computer simulations show that a higher probabil- 
ity of cutting linkages to the CEN Cse4 nucleosome relative 
to the linkages between the flanking nucleosomes (Bloom and 
Carbon, 1982) reduces the length of the flanking nucleosomes 
needed to reduce the relative concentration of monomeric Cse4 
nucleosomes to below the '^3% limit of detection in the flank- 
ing region (Fig. 4, C and D; Furuyama and Biggins, 2007). 
For no difference in probability of cutting between CEN and 
flanking nucleosome linkages, the flanking region incorporat- 
ing Cse4 nucleosomes must be '^35 nucleosomes in length. For 
a threefold enhancement, only a 12 nucleosome flanking length 
is needed. 

Will Cse4-GFP nucleosomes replacing H3 nucleosomes 
at flanking positions of ±35 or less be within the diffraction- 
limited spot measured for the cluster of sister kinetochores at 
anaphase? Nucleosomes occur at intervals of ^160 bp along 
DNA, and the length of an unstretched 10-nm diameter chroma- 
tin fiber is '^5 nm per nucleosome. The length of unstretched 
chromatin flanking the CEN will be 206 nm for 35 nucleosomes 
and 75 nm for the 15 nucleosome length in Fig. 4 A. These 
lengths are beneath the 220 nm diffraction limit of resolution 
for GFP fluorescence. 

The structural diagram of the model in Fig. 3 is for a 
chromosome with two Cse4 nucleosomes positioned within the 
flanking chromatin on either side of a CEN Cse4 nucleosome 
at the base of the kinetochore. Biochemical evidence indicates 
that the CBF3 complex contains one CEP3 protein and two to 
three NdclO proteins (Espelin et al., 2003). CBF3 does oligo- 
merize in solution (Espelin et al., 2003). Perhaps the clustering 
shown in Fig. 3 is caused by oligomerization of adjacent NdclO 
complexes in between adjacent CBF3 complexes, other un- 
known proteins that cross-link adjacent kMT attachment sites 
together near the base of the kinetochore (Gregan et al., 201 1), 
or the binding of the Ndc80 complexes extending from the three 
Cse4 nucleosomes all to the same plus end of a kMT. However, 
an important question is whether kinetochore structural proteins 
assemble directly onto the "extra" non-CEN flanking Cse4 nu- 
cleosomes, or whether kinetochore assembly is restricted to 
only the Cse4 complex that is bound at the CEN DNA sequence. 



A previous ratio fluorescence study (Joglekar et al., 2008) 
found that constitutive overexpression of the Cse4 homologue 
in S. pombe resulted in a four- to fivefold increase in the number 
of Cse4 homologue molecules at the kinetochore, but the copy 
numbers of structural kinetochore proteins remained compa- 
rable to wild-type protein numbers. 

An interesting aspect of the model is that it makes the 
structure of the budding yeast kinetochore similar to kineto- 
chores of other eukaryotes. With multiple Cse4 (CENP-A) nu- 
cleosomes at the base of the kinetochore, the budding yeast 
centromere may resemble the "regional centromere" organiza- 
tion of the base of the kinetochore in other eukaryotes. Our 
measurement of a mean of approximately five Cse4s per bud- 
ding yeast kinetochore should both constrain and stimulate new 
ideas for how the structure of the budding yeast inner kinetochore 
is organized. 

Materials and methods 

Specimens and specimen slide-coverslip preparations: 

Yeast were grown overnight to mid-log phase at 24°C in YPD media. 
Most yeast strains were washed with SD-methionine and resuspended 
in SD-methionine. 4-kb LacO-Lacl-GFP and Scm3-GFP yeast strains were 
washed with double-distilled H2O and resuspended in YC complete 
media containing 1 pM deoxyglucose and 0.02% azide, then incubated 
at 24°C for 10 min just before making the slide-coverslip preparation. A 6-\i\ 
sample of these yeast preparations was placed on a Concanavalin A- 
treated acid-washed coverslip and sealed with VALAP (1:1:1 vaseline/ 
lanolin/paraffin]. Purified GFP-VLP2/6 virus-like particles (provided by 
A. Chorpilienne and D. Poncet, Virologie Moleculaire et Structurale, 
Unite Propre de Recherche du Centre Notional de la Recherche Scien- 
tifique, Gif sur Yvette, France; Chorpilienne et oL, 2001) were stored 
at 5°C at 0 concentration of 1 .55 mg/ml in a solution of 20 mM Pipes, 
10 M Co^* + 0.5 M CsCI, pH 6.84. They were diluted 1:1,200 using 
60 mM Pipes, 27.3 mM Hepes, and 1 0 mM CaC^ at a pH of 7.0 (PHM). The 
dilution was vortexed for 30 s, and 30 pi was perfused into a double-sided 
scotch tape perfusion chamber made with on acid-washed coverslip. After 
10 min, the perfusion chamber was washed with 30 pi PhIM four times. 
The chamber was sealed with VALAP and imaged immediately. EGFP 
(catalog no. 4999-100; BioVision) protein was stored at — 80°C at a con- 
centration of 1 mg/ml in PBS. EGFP was diluted 1 :32,000 or 1 :50,000 
with PBS, phi 7, and vortexed for 30 s; a perfusion chamber prepara- 
tion was made as described for GFP-VLP2/6, except that PBS, phi 7, 
was used as the wash and perfusion buffer (Sugiyama et oL, 2005). 
GFP-MotB E. col] (provided by J. P. Armitoge and N. Delolez, University of 
Oxford, Oxford, England, UK; Leake et al., 2006) was grown overnight 
in lysogeny broth (LB) media at 37°C. 40 pi of overnight culture was 
added to 5 ml of LB media and grown at 24°C for 2.5 h. A 1-ml sample 
was washed with 10 mM potassium phosphate, 0.1 mM EDTA, phi 7.0 
(MB), resuspended in MB, and incubated at 24°C for 20 min. Immediately 
before imaging, 6 pi of suspension was placed on a poly-lysine-coated 
ocid-woshed coverslip and sealed with VALAP. 

Imaging 

All confocol images were recorded with 0.5 mW of loser illumination 
at 488 nm (Model 35 LTL 835-220; CVI Melles Griot) into the bock 
aperture of a 1 OOx/1 .4 NA objective lens (Nikon) mounted on a TE300 
stand (Nikon), and images were acquired using a spinning disk confocal 
head (Yokogawo CSUlO; PerkinElmer), a camera (Oreo; Hamomatsu) 
with 2x2 binning that mokes the effective pixel size ~1 30 nm in speci- 
men images, and MetoMorph 6.1 Software (Molecular Devices; Moddox 
et al., 2003). To find the z axis position of best focus for analysis, a 
through-focus series of image exposures at 200-nm steps was acquired 
starting just beneath the coverslip/media surface. Best focus occurred 
for the highest integrated intensity for a 5 x 5 region surrounding the 
fluorescent spot of interest. Through-focus exposures were 600 ms for all 
specimens except EGFP molecules, where we used 1 ,500 ms exposures. 
For EGFP preparations, we also recorded ~100 successive images at 
best focus. At the room temperature used to image GFP(S65T) fusion 
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proteins in budding yeast, GFP(EGFP)-MotB E. coli, GFP(EGFP)-VLP2/6, 
and EGFP molecules, we expect equivalent fluorescence intensity from 
GFP(S65T] within cells and EGFP for the same excitation light intensity 
at room temperature. This is because at the room temperature of our 
studies (~24°C), both GFP(S65T) and EGFP(S65T, F64L; Yang et al., 
1996) exhibit nearly identical excitation and emission spectra, extinc- 
tion coefficient, quantum yield, fluorescence stability to pH changes 
>7.0, and photobleaching stability (Patterson et ol., 1997). The extinc- 
tion coefficient for EGFP purified from bocteriolly expressed protein (Bio- 
Vision) and for EGFP-VLP2/6 viral protein copsids purified from SF9 
cells (Charpilienne et al., 2001) were both the value expected for the 
properly folded fluorophore, ~55,000 M/cm at a 488-nm wavelength. 
Patterson et ol. (1997) show that the efficiency of GFP chromophore 
formation for S65T and EGFP are both greater than 95% at 28°C and 
greater than 90% for EGFP at 37°C. 

FRAP 

The FRAP techniques performed have been described previously (Pearson 
et al., 2004). In our study, the microscope was on Eclipse TE2000E stand 
(Nikon) with a lOOx Plan-Apochromot NA 1 .4 objective lens with a cam- 
era (Oreo ER; Hamamotsu). The microscope back port was fitted with a 
beam expander (Point Source) fiber optically coupled to a 50-mW argon 
ion loser (SpectraPhysics) to bring the photobleaching light into the back 
aperture of the objective. The laser exposure was 25 ms. Fluorescent 
images were acquired at intervals between 2 s and 2 min, depending on 
the experiment. Specimen preparation is described in the first section of 
Materials and methods. MetaMorph 6.1 software (Molecular Devices) was 
used to operate the loser and microscope. 

Image analysis 

Integrated fluorescence intensity (minus BG) measurements were ob- 
tained using the Hoffman et al. (2001 ) method as described in Joglekor 
et al. (2006) and Johnston et ol. (2010). A 5 x 5 pixel region was 
centered on the fluorescent cluster or spot to obtain integrated fluores- 
cence, whereas a 7 x 7 region centered on the 5x5 region was used 
to obtain surrounding BG intensity. We only measured kinetochore clus- 
ters that did not obviously move. Measured values were calculated by: 
integrated fluorescence intensity (minus BG) = integrated counts for 5 x 
5 region - (integrated counts for the 7x7 region — integrated counts 
for 5 X 5 region) x pixel area of the 5x5 region/(pixel area of the 
7x7 region — pixel area of a 5 x 5 region). BG measurements were 
obtained from the 7x7 pixel region minus the value for the 5x5 pixel 
region and scaled to the some area as the specimen after subtracting 
the value for a camera image without loser illumination (mostly readout 
offset and noise). Note that each count (gray value in the 1 2 bit image) 
corresponds to approximately five photoelectrons. Measurements for 
most specimens were made with MetaMorph 6.1 Software (Molecular 
Devices) using region measurements. 

For EGFP, integrated fluorescence (minus BG) values were obtained 
as follows. A mean of the initial eight exposures of the time-lapse series 
was used for analysis of EGFP fluorescence. The 1 ,500-ms exposure and 
eight-frame mean enhanced the signal-to-noise for individual EGFP mol- 
ecules compared with a single 600-ms exposure, which was satisfactory 
for the other specimens that had many GFPs per complex. We only ana- 
lyzed EGFPs that did not bleach during the first eight frames. Their x,y 
coordinates were identified by measuring the kinetics of photobleaching 
in the time-lapse recordings using a 2 x 2 region centered on the coordi- 
nate position. We obtained integrated fluorescence intensity data for BG 
positions in-between the coordinates for the EGFP molecules and for clean 
coverslips in chamber containing only media and no EGFP molecules; 
these measurements were nearly identical. The corrected measurements for 
EGFP were scaled by dividing by 2.5, the ratio of integrated intensity be- 
tween 1 ,500-ms and 600-ms exposures measured using 40-nm fluorescent 
beads (no. 24053-10; Polysciences, Inc.) attached to the coverslip surface 
(Fig. SI B). This normalized the EFGP measurements to the 600 ms expo- 
sures used for all the other specimens in our experiments. We also removed 
from the EGFP data false positives produced by BG noise (Fig. SI C). This 
procedure was not needed for the other specimens where the measure- 
ments from many GFPs per cluster or particle were far greater than the BG 
noise for 600 ms exposures. 

For the virus and cellular specimens, the measured data were cor- 
rected for photobleaching that occurred during the through focus series to 
find best focus (Fig. SI, D and E). Photobleaching was typically ~5% for 
the 5-^jm diameter budding yeast specimens and the E. coli and 2% for the 
virus (Fig. SI Ej. 



For cellular specimens, the measured data were also corrected for 
loss of fluorescence intensity as a function of specimen depth beneath the 
coverslip surface as described by Johnston et ol. (201 0] and by the legend 
for Fig. S2. Fluorescence intensity at best focus decreased with depth be- 
cause of the spherical aberration produced by the difference in refractive 
index of the coverslip (n = ~1 .52) and the cell (n = '^1 .38; Joglekor et ol., 
2006; Johnston et ol., 2010). We verified the accuracy of our correc- 
tion procedure using the 100-nm diameter fluorescent beads (no. 17150; 
Polysciences Inc.) embedded in 25% gelatin in yeast medio (Fig. S2 I; Yeh 
etol., 1995). 

For both depth-corrected and photobleach-corrected data, a MotLob 
program (MothWorks) was used to obtain the least squares fit to histo- 
grams using Gaussian functions for both monomer and dimer populations; 
the monomer mean values were used in our calculations (Fig. 1). The his- 
tograms of the measurement data for all the specimens except EGFP and 
GFP-MotB were well fit by a single Gaussian function (Fig. 1, D-M). The 
best fit for EGFP and GFP-MotB required a function containing two Goussions, 
one for the majority of monomers and a second for a minority of dimers 
(two EGFPs or two rotary motors) within the same diffraction limited spot 
(Fig. 1 , B and C). Photobleaching verified the presence of dimers in some 
EGFP spots (Fig. SI A). As seen in Fig. 1 B for EGFP, the monomer-dimer 
Gaussian function yields a much better fit to the measured data than the 
single Gaussian function. The value for the monomer fraction of EGFP was 
used OS a primary standard. Note that the data in Fig. 1 B for EGFP has 
been corrected for false positives produced by BG noise (Fig. SIC), which 
had a standard deviation of 2.9 compared with the mean value of the 
EGFP monomer of 1 3 ± 3.7. 

We feel confident that the procedures we have used to measure 
the variance of specimen data about the mean value (Fig. S2 and Fig. 1 , 
B-M) is not underestimating error, except from contributions from data 
for beneath the coverslip surface. We calculated the mean and stan- 
dard deviation for the intercept for a Least Squares Fit (Taylor, 1 982, 
pp. 151-159) to the integrated fluorescence intensity minus BG data in 
Fig. S2 for all our test specimens. The means in our Gaussian fit to the 
normalized data (Fig. 1, B-M] were identical to the means for the inter- 
cept of the least squares fits, whereas the standard deviations from the 
mean in the Gaussian fits were 2-5 times larger than the standard devia- 
tion of the intercept values. We conclude that it is the variance of the data 
measurements from the mean value at each depth that is the major factor 
in the uncertainty of the measurements, not the errors in the uncertainty of 
the least squares fitting procedure. Our normalization method that mokes 
the mean value at oil depths equal to the intercept value allowed us to 
make a histogram of the data as shown in Fig. 1 (B-M) and Fig. S2 I 
to see if one or more Goussions were needed to fit the data; this is an 
important feature of our method. 

In our calculations of the mean number counts/GFP and mean 
number of GFP fusion proteins per spot, per kinetochore cluster, or per ki- 
netochore from measurements of integrated fluorescence intensity minus 
BG, we calculated standard deviation uncertainties from the measured 
means and standard deviations as described by Taylor (1 982), pp. 40-57 
and 151-159. 

Computer simulations 

The basic concepts for the MotLob computer simulation of the Furuyomo 
and Biggins (2007) biochemical experiment ore described within the text 
and illustrated in Fig. 4. See Fig. S3 for on annotated listing of the Mat- 
Lob program. 

Online supplemental material 

Figs. SI and 2 contain data supporting results contained in Figs. 1 and 2 
and Tables l-lll. Fig. S3 contains a listing of the MatLob program used to 
simulate the data presented in Fig. 4. Online supplemental material is avail- 
able at http://www.jcb.org/cgi/content/full/icb.201 106036/DCl . 
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